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Susceptibility of the Plum Curculio, Conotrachelus nenuphar, to
Entomopathogenic Nematodes

DAVID 1. SHAPIRO-ILAN," RUSSELL F. MIzELL, IT1,* AND JAMES F. CAMPBELL®

Abstract: The plum curculio, Conotrachelus nenuphar, is a major pest of pome and stone fruit. Our objective was to determine
virulence and reproductive potential of six commercially available nematode species in C. nenuphar larvae and adults. Nematodes
tested were Heterorhabditis bacteriophora (Hb strain), H. marelatus (Point Reyes strains), H. megidis (UK211 strain), Steinernema riobrave
(355 strain), S. carpocapsae (All strain), and S. feltiae (SN strain). Survival of C. nenuphar larvae treated with S. feltiae and S. riobrave,
and survival of adults treated with S. carpocapsae and S. riobrave, was reduced relative to non-treated insects. Other nematode
treatments were not different from the control. Conotrachelus nenuphar larvae were more susceptible to S. feltiae infection than were
adults, but for other nematode species there was no significant insect-stage effect. Reproduction in C. nenuphar was greatest for
H. marelatus, which produced approximately 10,000 nematodes in larvae and 5,500 in adults. Other nematodes produced approxi-
mately 1,000 to 3,700 infective juveniles per C. nenuphar with no significant differences among nematode species or insect stages.
We conclude that S. carpocapsae or S. riobrave appears to have the most potential for controlling adults, whereas S. feltiae or S. riobrave

appears to have the most potential for larval control.
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The plum curculio, Conotrachelus nenuphar, (Herbst)
is a major pest of pome and stone fruits in North
America (Racette et al., 1992). Adult weevils enter or-
chards from overwintering sites in the spring, feed, and
oviposit in fruit. Fruit that is attacked aborts or is de-
formed, rendering it non-saleable. Larvae continue to
develop in fallen fruit, exit as fourth instars, and burrow
into the soil (1-8 cm) to pupate (Racette et al., 1992).
After emergence, adults feed on fruit and migrate to
litter surrounding the orchard to overwinter (Olthof
and Hagley, 1993; Racette et al., 1992). In the southern
United States, an additional generation occurs in the
orchard prior to overwintering.

Current control recommendations for C. nenuphar
consist solely of above-ground applications of chemical
insecticides to suppress adults (Horton et al., 2001;
Olthof and Hagley, 1993). Due to environmental and
regulatory concerns, research on developing alterna-
tive control strategies is warranted. Entomopathogenic
nematodes in the genera Steinernema and Heterorhabditis
are obligate parasites of insects (Grewal and Georgis,
1998). These nematodes have a mutualistic relationship
with a bacterium (Xenorhabdus spp. and Photorhabdus
spp. for steinernematids and heterorhabditids, respec-
tively) (Poinar, 1990). Infective juveniles (IJ), the only
free-living stage, enter hosts through natural openings
(mouth, anus, and spiracles) or, in some cases, through
the cuticle. After entering the host’s hemocoel, nema-
todes release their symbiotic bacteria, which are pri-
marily responsible for killing the host and providing
the nematodes with nutrition and defense against sec-
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ondary invaders (Poinar, 1990). The nematodes molt
and complete 2 to 3 generations within the host after
which IJ exit the cadaver to search out new hosts (Gre-
wal and Georgis, 1998).

Biological control with entomopathogenic nema-
todes has been particularly successful against certain
weevil species that spend a large portion of their life
cycle in the soil, e.g., the Diaprepes root weevil, Dia-
prepes abbreviatus (L.) (Duncan et al., 1996; Shapiro-Ilan
et al.,, 2002), and the black vine weevil, Otiorhynchus
sulcatus (F.) (Bedding and Miller, 1981; Shanks and
Agudelo-Silva, 1990; Simons, 1981). Therefore, we may
expect C. nenuphar to be a good candidate for control
with entomopathogenic nematodes. However, research
on the potential of entomopathogenic nematodes to
suppress C. nenuphar has been limited. Only two species
have been tested for pathogenicity to C. nenuphar, i.e.,
S. feltiae (Filipjev) and S. carpocapsae (Weiser), and con-
trol resulting from soil or foliar applications was poor
or inconsistent unless extremely high rates were ap-
plied (Bélair et al., 1998; Olthof and Hagley, 1993; Ted-
ders et al., 1982). Conotrachelus nenuphar last instar lar-
vae and adults occur in or on the soil and therefore are
potential targets. However, the relative susceptibility of
different C. nenuphar stages to nematodes has not been
determined.

Laboratory testing of additional species and strains
may lead to the identification of nematodes with supe-
rior virulence toward C. nenuphar. Our primary objec-
tive was to determine the relative susceptibility of C.
nenuphar adults and larvae to six commercially available
nematode species under laboratory conditions. Addi-
tionally, we investigated the reproductive potential of
the nematodes in C. nenuphar to estimate the potential
of entomopathogenic nematode recycling.

MATERIALS AND METHODS

The following nematodes were tested for virulence
to, and reproduction in, C. nenuphar. H. bacteriophora
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Poinar (Hb strain), H. marelatus Liu and Berry (Point
Reyes strain), H. megidis Poinar, Jackson, and Klein
(UR211 strain), S. carpocapsae (All strain), S. feltiae (SN
strain), and S. riobrave Poinar, Karunakar, and David
(355 strain). All nematodes for all experiments were
reared in parallel on last instar Galleria mellonella (L.) at
25 °C according to procedures described in Woodring
and Kaya (1988). Nematodes were stored at 13 °C for
less than 8 weeks before experimentation. Galleria mel-
lonellalarvae were obtained from Sunfish Bait (Webster,
WI). Conotrachelus nenupharlarvae (4th instar) were col-
lected from infested peaches in Monticello, Florida,
and stored in sterile potting mix at 15 °C until use. A
portion of the larvae was allowed to pupate and reach
adulthood, and then kept in glass containers at 25 °C
with young peaches for food until use in experiments.

Experiments were conducted in plastic cups (Bioserv
Inc., Frenchtown, NJ) based on procedures described
by Shapiro et al. (1999). Cups (3—4 cm i.d., 3.5 cm
deep) were filled with (oven-dried) autoclaved soil
from the USDA-ARS pecan orchard (Byron, GA) and
contained one larvae or adult insect each. After auto-
claving, the soil (a loamy sand with 84:10:6 percentage
sand:silt:clay, pH = 6.1, and organic matter = 2.8% by
weight) was kept at 25 °C for at least 2 weeks before use
(Kaya and Stock, 1997).

One day after insects were added, nematodes were
pipeted onto the soil surface of each cup in 0.5 ml of
water so that the final moisture was standardized at
field capacity (14% moisture). Approximately 500 IJ
were applied to each cup, and the number of insects
surviving was recorded after 5 days of incubation at 25
°C. The control received only water. Nematode-
infected insects were placed in White traps (Woodring
and Kaya, 1988), which were stored at 25 °C, and prog-
eny IJ were collected until they ceased to emerge. The
experiment was arranged in randomized block design
and contained 3 replicates of 10 cups per treatment
(nematode species). Using identical experimental pa-
rameters, the experiment was repeated once with a
fresh batch of nematodes, except in the second trial
three replicates of seven cups were used for the larvae
(due to a shortage).

Data recorded as percentages were transformed (arc-
sin of the square root), and nematode virulence was
then analyzed using analysis of variance and Tukey’s
multiple range test (SAS Institute, Cary, NC). Repro-
ductive capacity in C. nenuphar was compared among
nematode species using analysis of variance and
Tukey’s multiple range test (SAS Institute, Cary, NC).

To compare the relative susceptibility of the two in-
sect stages to a nematode species, it was necessary to
correct for control mortality (because control mortality
differed between insect stages). Abbott’s formula (Ab-
bott, 1925) is a standard correction for control mortal-
ity, but this formula does not provide an estimate of the
variance associated with the ratio of two random vari-

ables (Rosenheim and Hoy, 1989). We used bootstrap
sampling to generate variance estimates (Buonaccorsi
and Liebhold, 1988) for means that were corrected for
control mortality using Abbott’s formula. Using Resam-
pling Stats software (Resampling Stats Inc., Arlington,
VA), 10,000 iterations of Abbott’s formula were gener-
ated and used to calculate 95% confidence intervals.
Overlap of confidence intervals was used to compare
the mortalities between larvae and adults within each
nematode species.

RESULTS

Survival of treated and non-treated C. nenuphar was
compared separately for adult and larval stages because
control mortality was substantially different between
the two stages (Fig. 1A,B). Survival of C. nenupharlarvae
treated with S. feltiae or S. riobrave was reduced relative
to non-treated larvae (F= 8.33; df = 6, 28; P = 0.0001)
(Fig. 1A), and survival of C. nenuphar adults treated with
S. carpocapsae and S. riobrave was reduced relative to the
control (F= 14.81; df = 6, 28; P = 0.0015) (Fig. 1B);
survival of C. nenuphar was not affected by other nema-
tode treatments (Fig. 1A,B). For most nematode spe-
cies there was no difference in susceptibility between
adults and larvae (95% confidence limits for insect
mortality overlapped), but C. nenuphar larvae were
more susceptible to S. feltiae infection than were adults
(confidence limits were 0-30% and 52-100% for adult
and larval mortality, respectively). Heteorhabditis marela-
tus produced more I per C. nenuphar larva than all
other nematode species (F=9.77; df = 5, 56; P=0.0001)
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Fic. 1. Survival of Conotrachelus nenupharlarvae (A) and adults (B)
after exposure to entomopathogenic nematodes. C = control (no
nematodes), Hb = Heterorhabditis bacteriophora, Hmar = H. marelatus,
Hmeg = H. megidis, Sc = Steinernema carpocapsae, St = S. feltiae, Sr = S.
riobrave. Different letters above bars indicate statistical significance
(Tukey’s test, = = 0.05).
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(Fig. 2A) and produced more I in adult weevils than H.
megidis and S. riobrave (F= 2.97; df = 5, 41; P = 0.0223)
(Fig. 2B); no other differences were detected in nema-
tode reproduction (Fig. 2A,B).

DiscussioN

Our results indicate high susceptibility of C. nenuphar
under laboratory conditions to certain entomopatho-
genic nematodes but not to others. Previous studies
indicated varying levels of potential of entomopatho-
genic nematodes to suppress C. nenuphar. Similar to
our research, Olthof and Hagley (1993) observed high
susceptibility of C. nenupharlarvae to S. feltiae. Also simi-
lar to our results, Tedders et al. (1982) reported that S.
carpocapsae was ineffective vs. C. nenuphar larvae, but
Olthof and Hagley (1993) reported S. carpocapsae (All
strain) to be highly virulent toward the larvae. The work
of Tedders et al. (1992) should be interpreted in the
context of a low rate of 15 If per insect. The discrepancy
between our results and those of Olthof and Hagley
(1993) in larval susceptibility to S. carpocapsae may have
been due to the use of filter paper in some assays in the
earlier study, which may increase susceptibility relative
to the soil substrate we used (Flanders et al., 1996).
Alternatively, the discrepancy may have been due to the
conservative analysis we applied; if we had applied a less
conservative multiple range test (e.g., SNK test), we
would have rejected the null hypothesis that S. carpo-
capsaetreated C. nenuphar larvae survival was not differ-
ent from the control. When Olthof and Hagley (1993)
tested S. carpocapsae vs. C. nenuphar larvae in soil, they
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F16. 2. Reproduction of entomopathogenic nematodes in Cono-
trachelus nenuphar larvae (A) and adults (B). Hb = Heterorhabditis bac-
teriophora, Hmar = H. marelatus, Hmeg = H. megidis, Sc = Steinernema
carpocapsae, St = S. feltiae, St = S. riobrave. Different letters above bars
indicate statistical significance (Tukey’s test, « = 0.05).
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also observed significant suppression (73%), but this
was using a rate of 10 x 10? per ha, which is substantially
higher than a standard rate of 2.5-5 x 10  per ha (Geor-
gis and Hague, 1991; Georgis et al., 1995). Using S.
carpocapsae in field experiments targeted toward C. nen-
uphar adults, Bélair et al. (1998) observed no significant
reduction in damage to apples with 5 x 10° IJ per ha,
and 30% to 75% damage reduction with 8 x 10” IJ per
ha. Certainly some of the inconsistency observed in the
study of Bélair et al. (1998) resulted from a loss of
nematodes due to desiccation; one half of the nema-
todes were applied to the canopy and the other half to
the soil.

Other studies indicate that susceptibility to entomo-
pathogenic nematodes can be affected by insect age or
stage (Boivin and Bélair, 1989; Glazer, 1992; Shapiro et
al., 1999; Shapiro-Ilan, 2001a). For a number of weevil
species, the larval stage is more susceptible to entomo-
pathogenic nematode infection than the adult stage.
For example, the Fuller rose beetle, Asynonychus god-
mani Crotch (Morse and Lindegren, 1996), the sweet-
potato weevil, Cylas formicarius, (F.) (Mannion and Jans-
son, 1992), and the West Indian sugarcane weevil, Meta-
masius hemipterus (Oliver) (Giblin-Davis et al., 1996) all
exhibit stage-specific differential susceptibility with
preference for juveniles. This trend also has been ob-
served in various other Coleoptera (Geden et al., 1985;
Georgis et al., 1991; Theunis, 1998). Our results also
indicated higher virulence of S. feltiae to C. nenuphar
larvae compared with adults. However, recently Sha-
piro-Ilan (2001a, 2001b) found an exception in pecan
weevils Curculio caryae (Horn), where adults were more
susceptible to entomopathogenic nematodes than lar-
vae. Similarly, we found S. carpocapsae to be highly viru-
lent to C. nenuphar adults. For some other species,
adults are also more susceptible-e-g., mole crickets,
Scapteriscus spp., exposed to S. scapterisci (Parkman and
Smart, 1996).

Our results indicate that a management strategy for
C. nenuphar could entail separate recommendations of
one nematode for larval control (e.g., S. feltiae) and
another for adults (e.g., S. carpocapsae). 1f it would be
preferable to recommend only one nematode, S. rio-
brave would likely be the choice because it was the only
nematode we found to be virulent to both stages. Po-
tential targets include the emerging first- and second-
generation adult weevils (before they reach the trees)
and second-stage larvae emerging from fruit. Treating
only around the trees or in the border rows would re-
duce the number of IJ required per acre. We did not
test the pupal stage for its susceptibility to entomo-
pathogenic nematodes, but this should be addressed in
future studies. Our reproduction data indicate that tar-
geting first-generation C. nenuphar may provide some
nematodes (through recycling) for suppression of sub-
sequent generations. Further research is required to
determine if our results are supported in the field.
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